Thin metal wire is commonly produced through cold drawing, which leads to the development of a texture in the wire. The texture is often found to remain after annealing or patenting the wire, and therefore influences the behavior of the wire in any subsequent forming operation, such as flat rolling.
A Comparison of Anisotropic Yield Criteria And Their Application
To The Forming Of Wire
BACKGROUND
Cold drawn wire is used as a semi-manufacture for a variety of end products. The cold drawn wire may also be deformed plastically to form another semi-manufacture, and this is the case in the flat rolling process. In this process, cold drawn wire of circular cross section is rolled between flat rolls to form a thin, wide metal strip, see Figure 1 . The flat wire can be used to make piston rings, springs, sawblades and other products. A problem in the flat rolling process is the difficulty in controlling lateral spread, that is, the deformed width of the wire. The deformation is not plane during flat rolling of round wire, and the material properties are anisotropic from the preceding cold drawing. Still, to avoid scrapping or after-treatment, it is desirable to control the lateral spread to a high degree to get the correct width of the flat wire. Inhomogeneous and non-plane deformation can be analyzed with a commercial finite element code, such as Abaqus III, but the problem of describing the material properties is more complicated. Some assessment of the anisotropy has to be made in order to find a suitable anisotropic yield criterion and flow rule. Then the material properties, according to the chosen criterion, have to be determined.
In the present case the flat rolling of a stainless steel (AISI201) wire of 1.6 mm diameter is studied.
The work roll diameter was 95 mm Due to the small dimensions of the wire, a new method 111 has been developed to determine the material properties. The material properties of the wire are determined according to two different anisotropic criteria: Hills's 1948 criterion 131 and a Koiter-type criterion The accuracy of the material models is then evaluated against experimental flat rollings of the wire. The
Koiter-type criterion does not exist in the material library of Abaqus, so a separate material routine had to be written
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MATERIAL DESCRIPTION
The cold drawing operation gives rise to a cylindrical texture in the wire along the length axis. The anisotropy is thus symmetric with respect to the angle around the length axis. A series of Vickers indentations made along the diameter of the wire indicates the degree of radial variation of the anisotropy. In the present case, almost no radial variation in hardness was found, see Figure 2 . The assumption is therefore made that the wire can be described as anisotropic, with planar isotropy in the plane the normal of which is the length axis. 
Koiter-type Criterion
An anisotropic criterion capable of describing varying anisotropy ratios was suggested by Koiter
151.
It consists of a number of independent yield surfaces, and yielding occurs when at least one of the corresponding yield functions equals zero. Each yield function is treated separately, which makes it possible to handle intersections (corners) between functions.
Koiter's criterion is described in the following. Suppose that yielding occurs when at least one of
Equations (2) is valid
The flow rule for a strain hardening material is then n dfn 3f" de .j = XCphp^T-^doy (3) p=| where 1 3f p | afp ci dz" dZ 5ε" da n (4) and Cp is unity during active yielding and zero otherwise. Ζ is a work-hardening parameter that depends on the strain. If more than one yield surface is active, summation according to Equation ( (5) in Equations (3) and (4) (no Ζ is defined) gives the flow rule of the modified criterion for each yield surface, as exemplified for surface 1:
This is the simplest possible flow rule, since each yield surface only depends on one stress component and one strain component.
Instead of applying Equation (6) in the xyz-plane, the coordinate system is rotated 45 degrees around the z-axis and 35.2644 degrees (arctan (1/V2)) around the x-axis, see Figure 3 . The objective is to orient the yield planes so that plastic deformation can occur more easily under the present forming operation. The length axis of the wire is the x-axis and the width axis is Z. The extremum and uniqueness principles for a material obeying Equations (2) to (4) are proved in Koiter's original article 151. That they also hold in the present case is shown in the following.
According to the extremum and uniqueness principles 161,
where da,j and ds,j are the actual increments of stress and strain, and the * quantities are any other increments that satisfy stress-strain relations, stress boundaiy conditions and equilibrium but not necessarily compatibility. The elastic part of Equation (7) is proved in 161. For the modified criterion, the plastic part of Equation (7) takes the form (i*j) It is sufficient to show that Equation (8) holds for one term in the sum, since the total sum will then also hold. Thus, for yield function fi:
By Equation (6):
The denominator is the same in all terms. It refers to the current position, and is always positive. which is always true. The modified criterion therefore fulfills the extremum and uniqueness principles.
DETERMINATION OF MATERIAL PROPERTIES
It is difficult to determine the material properties of an anisotropic wire due to the small dimensions and the circular shape. It would be cumbersome to produce a small cubic or rectangular sample without altering the anisotropy, and also to do measurements on it A different approach is to do inverse finite element simulations on some forming operations that show significant dependence on the properties to be determined.
The wire used in this investigation could be assumed to show anisotropy with planar isotropy, see Figure 2 . Therefore, the number of unknowns in the Hill criterion is reduced. It is sufficient to determine the flow stress curve in the direction of one of the material/anisotropy axes together with the two remaining parameters to fully describe the material.
A method has been developed to determine the anisotropic properties of a thin metal wire 111.
According to this method, 10-mm long specimens of wire are deformed in two different ways, and the Ideally, the inversely determined axial flow stress curve should coincide with the flow stress curve measured in a conventional tension test As can be seen in Table 1 , this is not the case. A relatively poor match is obtained, which, at least in part, may be attributed to the constant anisotropy ratios of Hill's 1948 criterion.
The deformed geometry is more in agreement with predictions. However, the sidepressing and the 45 degree test do not lead to the same estimate of the parameters. The values in Table 1 are averages of the parameter estimates from the two tests. This is one of the reasons for attempting to use the modified
Koiter-Tresca criterion
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Wire Height (mm) Material Properties Using Koiter-type Criterion
The main objective when it comes to the determination of the material properties of the modified criterion has not been to perform detailed measurements and curve fitting. Only a few inverse
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simulations have been performed with the objective of showing that it is possible to use the modified criterion and that it has a potential for further development.
Because of the low number of yield surfaces, a substantial amount of elastic deformation can build up during forming. It is released when unloading (springback). The elastic deformation also leads to a much higher prediction of the applied load. Therefore, no attempt is made to fit the applied load curve to the inverse simulations, and only the deformed geometry of the sidepressing test is used to determine the parameters. The deformed width from the sidepressing test is shown in Figure 6 , together with results from simulations using both criteria. The parameters to be determined are the K's of Equation (5). Linear hardening is used in order to reduce the number of parameters, which means that all the n's are set to unity. Wire Height (mm) No difference between properties in tension and compression is assumed. Still, the possibility to allow for a varying anisotropy ratio is demonstrated. Initial isotropy was assumed, and the initial flow stress was set to 200 MPa. The material properties for the modified criterion are shown in Table 2 . The ratios between the stresses at yielding are 1:1:1. Because of the differences in linear hardening, the ratios at a strain of unity are 1.57:1:1. Thus, a continuous change in the anisotropy ratios is simulated.
COMPARISON OF EXPERIMENTAL RESULTS WITH SIMULATIONS USING BOTH CRITERIA
The validity of the two criteria and the material properties has been investigated for a flat rolling This is an effect of the inadequate number of yield planes. An increasing number of yield planes would reduce this tendency. 
SUMMARY AND CONCLUSIONS
The material properties of an anisotropic metal wire with planar isotropy have been described using two different criteria: Hill's 1948 and a Koiter-type criterion The accuracy of the material models, when using the obtained properties, has been tested against experimental flat rolling of the wire. The comparison was made between the final width of the wire as measured in the experiments and as predicted by finite element simulations.
Hill's criterion of 1948 shows relatively good correlation with experiments. The objections to it are the inability to change anisotropy ratios with deformation and the experimentally seen difference in the parameter estimates between the two inverse simulation tests.
A Koiter-type criterion has been implemented in Abaqus and used on the same material and forming operations as the Hill criterion. The results indicate that too few yield surfaces have been used.
Predictions are far too high when loads or stresses are concerned,but still quite good when it comes to deformed geometry. With more yield surfaces results can only get better.
The conclusions are that Hill's 1948 criterion can be used, but with caution, for the current application. The Koiter-type criterion has to be improved with more yield surfaces before it can be used, but the results are encouraging, especially if the low number of yield surfaces used in this investigation is taken into account.
